metagenome (virome) sequencing is transforming our ability to quantify viral diversity 23 and impacts. While some bottlenecks, e.g., few reference genomes and non-quantitative 24 viromics, have been overcome, the void of centralized datasets and specialized tools now 25 prevents viromics from being broadly applied to answer fundamental ecological 26 questions. Here we present iVirus, a community resource that leverages the CyVerse 27 cyberinfrastructure to provide access to viromic tools and datasets. The iVirus Data 28
Commons contains both raw and processed data from 1866 samples and 73 projects 29 derived from global ocean expeditions, as well as existing and legacy public repositories. 30
Through the CyVerse Discovery Environment, users can interrogate these datasets using 31 existing analytical tools (software applications known as "Apps") for assembly, ORF 32 prediction, and annotation, as well as several new Apps specifically developed for 33 analyzing viromes. Because Apps are web-based and powered by CyVerse super-34 computing resources, they enable scalable analyses for a broad user base. Finally, a use-35 case scenario documents how to apply these advances towards new data. This growing 36 iVirus resource should help researchers utilize viromics as yet another tool to elucidate 37 viral roles in nature. 38 39
Viral metagenomics -an ecological tool with increasing impact 40
Since the first viral metagenomic study was conducted in marine systems over a 41 decade ago (Breitbart et al., 2002) , the field has now expanded to include ecological 42 studies of viral communities throughout the oceans globally, as well as diverse lakes and 43 eukaryote-associated samples, including humans (Djikeng et al., 2009; Hannigan et al., 44 2015; Hurwitz and Sullivan, 2013; Roux et al., 2012; Stern et al., 2012) . Highlights of 45 some of the ecological advances enabled by these studies include revealing (i) that virus-46 encoded 'auxiliary metabolic genes' (AMGs) extend far beyond the photosynthesis genes 47 known from cyanobacterial cultures Hurwitz, Westveld, et al., 48 2014; Sharon et al., 2011) , (ii) long-term co-evolutionary features between viruses and 49 their microbial hosts in both the human gut (Minot et al., 2013) and the oceans (Hurwitz, 50 Westveld, et al., 2014) , and (iii) the ecological drivers of viral community structure 51 throughout the Pacific Ocean (Hurwitz, Westveld, et al., 2014) and global surface oceans 52 (Brum et al., 2015) . and this has led to a data deluge whereby analytical limitations now represent the major 58 bottleneck for virome-enabled viral ecology as follows. First, the number and size of 59 newly generated metagenomes necessitates large-scale data storage and compute needs 60 that require the development of community-available infrastructures specialized to viral 61 sequence data. Second, the lack of tools for analyzing these large-scale datasets requires 62 development by programmers, who speak a different 'language' from researchers 63 generating much of the data. This often results in published code in public repositories 64 that can be difficult to install or use without computational training. Finally, finding and 65 analyzing viral datasets for comparative metagenomics is laborious and time-consuming 66 as raw and processed viral metagenomic datasets are deposited across a diverse array of 67 data repositories, such as Genbank (Benson et al., 1998) , EMBL (Kanz et al., 2005) , 68 NCBI's genomes project (Wheeler et al., 2003) , Metavir (Roux et al., 2014) , and 69 VIROME (Wommack et al., 2012) . 70
Together, these technological limitations impede researchers from applying new 71 tools to their data or leave them dependent on outsourcing data analysis to those 72 unfamiliar with the ecosystems being studied. To enable scalability and accessibility of 73 viral ecology research, we developed iVirus, a collection of software and datasets 74 leveraging the CyVerse cyberinfrastructure (formerly iPlant Collaborative) to provides 75 users with free access to computing, data management and storage, and analysis toolkits 76 (Goff et al., 2011). Briefly, iVirus seeks to collect viral sequence datasets in its Data 77
Commons, adapt pre-existing metagenomic tools as software applications (referred 78 henceforth as Apps), and develop new analytical capabilities within the CyVerse 79 cyberinfrastructure. Together, these advances help consolidate cutting-edge tools and 80 curated datasets to empower researchers seeking to incorporate viral ecology into their 81 own work. 82
Here we summarize iVirus's current capabilities, and invite community feedback, 83 through the protocols.io interface (described later), to allow us to improve iVirus so that 84 it becomes an indispensable tool for ecologists seeking to include viruses in their studies. 85 86
What is CyVerse and how does it help my research? 87
CyVerse (Goff et al., 2011) is an NSF-funded platform that seeks to bring 88 together biologists and computer scientists to solve 'big data' problems in biology. 89
Within the CyVerse cyberinfrastructure, users conduct research by navigating the 90 Discovery Environment (DE) to identify datasets from the Data Commons (next section) 91 and conduct analyses using Apps. Apps are like a computer software program, except 92 that they (i) have been pre-installed, (ii) leverage large-scale CyVerse compute resources, 93
and (iii) can be integrated within a larger data context and workflow. This can improve 94 biological research in multiple ways. First, it helps minimize installation issues and local 95 systems administration needs that often impede biological research. Second, Apps can be 96 linked together to create analytical workflows where the output from one App is used as 97 the input for the next, in a linear manner. Because users can select which App they use at 98 each stage in the workflow, the user can copy and update new workflows as new analysis 99 tools emerge. Third, Apps ensure reproducibility and validity of research studies because 100 they can be encoded into versioned Apps, along with raw or processed example datasets 101 directly from the author. CyVerse can also assign digital object identifier (DOI) to Apps 102 or datasets to allow longer term digital preservation and citable referencing in research 103 articles. Finally, because all Apps and their output are tied to the user's home directory in 104 the CyVerse Discovery Environment, all data are collected in one place. This avoids the 105 common problem of data being scattered among multiple systems (HPC, personal/lab 106 computer, cloud computing) due to system-level requirements for implementing myriad 107 bioinformatics software used for modern metagenomic analyses. 108
CyVerse Apps can be built by any developer using any source programming 109 language to create community-specific tools. Moreover, the developer can encode 110 hardware or software requirements within the App to lessen the burden on the user in 111 installing and implementing that App. Once an App has been developed it can be shared 112 with the community through the CyVerse cyberinfrastructure by a request to the CyVerse 113 team via a simple public submission form. Once an App is public it can be vetted by the 114 research community via a 5-star rating system and feedback forms. Further, community 115 developers can refine an App by duplicating and modifying it, and then re-publish the 116 new App for recognition and further vetting and use by the community. 117 Docker images on CyVerse compute resources and attach these images to easy-to-use, 132
web-based Apps in the CyVerse Discovery Environment. This provides developers with a 133 means to publish code in an accessible format to a growing research community and to 134 gain feedback on its utility rather than be drowned in inquiries about installation minutia. 135 136
Centralized viral metagenomic data resources in the iVirus Data Commons 137
The CyVerse cyberinfrastructure provides a common ecosystem for data, big or 138 small, by providing a mechanism for communities to share data through a Community the Agave API or Docker -with focus on those needed for viral metagenomics. One 153 operational goal of iVirus is to collect and deploy the most commonly used tools for viral 154 metagenome pipelines -from raw read processing to assembly and analysis (see Beyond these more generally usable Apps, we have developed several iVirus 183
Apps specifically for viral metagenomic study, with more being added as needs arise and 184 development opportunities become available. In many cases, Apps developed for iVirus 185 and iMicrobe also handle file manipulations, such as compression, separating reads, 186 converting formats, so as to eliminate whenever possible the "minor" details that are 187 often time-consuming and rate-limiting for users. 188
A brief summary of selected iVirus Apps follows, along with reference to their 189 source tools and how they have already enabled viral ecology where available. A broader 190 analytical pipeline for processing viral metagenomes is overviewed in Figure 1 ecological comparisons through software such as QIIME, http://qiime.org (Caporaso et 199 al., 2010) . This is necessary as viral metagenomes are often dominated by novel 200 sequences, where only 10-20% of reads map to known proteins in reference databases. In 201 contrast, up to 50-70% of reads will typically map to PCs . 202
The PCPipe App accepts user-generated ORFs from viral metagenomic assemblies as 203 input, matches them to ORFs in a user-supplied PC database, and then self-clusters the 204 remaining unclustered ORFs to capture the PCs unique to that dataset. Reference files. This tool is powerful and highly scalable -its first application was to nearly 15 000 230 publically available archaeal and bacterial genomes, where VirSorter identified 12 498 231 new host-associated viruses and their genomes, which augmented publicly available viral 232 genome reference datasets approximately 10-fold (Roux, Hallam, et al., 2015) . Further, 233
VirSorter scales to handle contigs derived from metagenomic datasets (Roux, Enault, et 234 al., 2015) . VirSorter has since been used to identify viruses out of boiling hot springs in vContact clusters contigs by their PC profiles (note: see preferred method for PC 246 generation as vContact-PCs, but the user could generate PCs however they prefer). 247
Reference sequences and their taxonomic lineages can be seeded within the analysis to 248 improve clustering and taxonomic predictions. The vContact-generated network can be 249 mined for its contig clusters (VCs: viral clusters), which roughly correspond to sub-250 family level viral taxonomy. This approach has been used to organize nearly all (99.3%) 251 of the 12,498 new viral sequences identified from publicly available microbial genomes 252 into 614 'viral clusters', which represent approximately genus-level groupings (Roux, 253 Hallam, et al., 2015) . vContact can also incorporate annotations associated with contig 254
and PCs, allowing users to examine the relationship of any annotated contig/PC in 255 context of its vContact cluster. filtering options based on the percent of read and reference covered (i.e. 75% of a 294 reference sequence must be covered to be considered "present"), alignment identities, as 295 well as numerous coverage calculations. If users provide a file with the size of each 296 metagenome, Read2RefMapper will also normalize the coverage between samples. Using-iVirus-ev3be8n. These protocols are organized as collections, and available within 304 the iVirus and iMicrobe groups at protocols.io, at https://www.protocols.io/groups/ivirus 305 and https://www.protocols.io/groups/imicrobe. These groups serve as a centralized 306 location that offers additional documentation, feedback, as well as citations using these 307 tools and protocols. We have utilized protocols.io here so as to keep evolving processing 308 steps up-to-date, as well as include images and annotations for each step. Further, 309 protocols.io is ideal for obtaining community feedback as it provides users the 310 opportunity to ask questions and/or interact with the protocol's author through a simple to 311 user interface. 312
The use case scenario starts with test data, which are reads from publicly available 313
Ocean Sampling Day 2014 samples (https://github.com/MicroB3-IS/osd-314 analysis/wiki/Guide-to-OSD-2014-data), a subset of which are already available on 315
CyVerse's data store. Next a user must first register for a free account in CyVerse 316 (http://user.iplantcollaborative.org/) and then proceed through the process using available 317 iVirus Apps summarized in Fig. 1 To identify viral sequences from the contigs file, VirSorter is used. Generally, 362 contigs larger than 3-kb can be successfully used as input -and can be single cell 363 genomes, microbial or viral metagenomes, fragmented or complete genomes. 364
Step 5: Characterizing Viral Sequence Data through Protein Clustering with 365
PCPipe and vContact. 366
Protocol available at protocols.io: https://www.protocols.io/view/Preparing-Data-367
for-vContact-from-Proteins-Cyverse-ev7be9n 368
Protocol available at protocols.io: https://www.protocols.io/view/Applying-369 vContact-to-Viral-Sequences-and-Visualizi-ev8be9w 370
Large-scale characterization of viral genomic data remains one of the most 371 daunting challenges in viral ecology. A relatively recent method of analyzing complex 372 viral data is through organizing viral sequence space using PCs (protein clusters), 373 reducing the problems associated with data complexity as a byproduct. Regardless of the 374 type of analysis, iVirus has access to a number of tools to characterize viral data. 375 376
Concluding Remarks 377
While viruses are increasingly recognized for their roles in microbial-dominated 378 ecosystems, they remain understudied, particularly due to challenges stemming from the 379 lack of centralized viral metagenomic resources. iVirus offers a community-focused 380 resource, built on the CyVerse cyberinfrastructure and designed to directly address the 381 challenges of viral ecology in the era of next-generation sequencing, high performance 382
computing and big data analytics. This is done through 1) leveraging CyVerse's Data 383
Store to provide large data storage capacity and a centralized location for collecting data, 384 2) developing Apps, or software applications designed to take advantage of HPC 385 resources that require limited bioinformatics training on part of the researcher, 3) 386 collecting viral datasets in the iVirus Data Commons to provide a centralized location for 387 discovering datasets via environmental metadata and collaborating within the field, and 388 4) positioning these resources to maximize community exposure and feedback through 389 extensive and 'live' documentation at protocols.io. 
